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ABSTRACT: Metal�organic frameworks (MOFs) with open metal sites have attracted
lots of attention because of their high binding energy for adsorbates. MIL-100(Cr) is one of
the potential MOFs for challenging separations. Multicomponent breakthrough studies on
MOF pellets are critically needed because only pelletized adsorbents can be used in
pressure or temperature swing adsorption processes. Thus, in this study, we compared the
adsorption equilibrium of MIL-100(Cr) powder and pellets and carried out a breakthrough
study of multicomponent gas mixtures on pelletized MIL-100(Cr), which revealed
interesting e�ects of activation conditions on its performance. The experimental results
show that the CO2 adsorption capacity of MIL-100(Cr) powder activated at 523 K and
high vacuum (10�10 bar) was about 2.5 times higher than that of MIL-100(Cr) treated
under mild activation conditions (423 K). The highest 5.8 mol/g CO2 capacity at 298 K
and 1 bar is consistent with the high CO2�Cr3+ binding energy of 63 kJ/mol, determined
using density functional theory calculations. However, the number drops to 4.05 mol/g for
pelletized samples. The negative impact of densi�cation on the adsorption capacity follows the order of CO2 > N2 > CH4 for
MIL-100(Cr)250 and CH4 > N2 > CO2 for MIL-100(Cr)150, which also suggests that the e�ects of open Cr sites on the
adsorption capacity follows the order of CO2 > N2 > CH4 on MIL-100(Cr). The selectivity of MIL-100(Cr) pellets based on
breakthrough measurements for CO2/N2 (20/80) and CO2/CH4 (40/60) mixtures was 4.3 and 10.7, respectively.

1. INTRODUCTION
Among di�erent CO2 emission sources, �ue gas with a CO2
concentration less than 20% is the largest single-source
contributor, and thus selective capture of CO2 is essential to
reduce CO2 emission.1�5 In addition, removing CO2 from
CH4 is important to upgrade the quality of biogas and natural
gas and to reduce pipeline corrosion issues.6�10 At present,
most industrial processes are still using chemical absorption
with amine solutions for CO2 capture, which shows high
e�ciency but su�ers from high energy regeneration costs and
issues with severe corrosion of equipment and pipelines.11�15

Among di�erent CO2 capture technologies, physical adsorp-
tion using porous materials is a promising, cost-e�cient
method, particularly for low to medium-volume capture by
using a pressure swing adsorption process.6,10 Zeolites,16�18

porous carbon,19�22 and nanotubes23,24 have been screened
and examined for their selective adsorption behavior,25�27

regeneration issues,28 and kinetics for CO2 separation
performance.29�35 Metal�organic frameworks (MOFs) have
also attracted much attention for CO2 capture.36�39 The CO2
uptake capacities of many MOFs are much higher than those
of traditional porous materials due to their high surface area
and versatile chemical properties.40�42 Abundant adsorption
sites on the surface can signi�cantly enhance the overall

performance;43�46 therefore, functionalized MOFs with many
stronger adsorption sites have been demonstrated by, for
instance, grafting amine groups onto MOFs to improve their
a�nity to CO2 molecules.47�51 However, due to the gradual
loss of the external amine groups during multiple adsorption�
desorption cycles, the cycling performance of these modi�ed
materials is generally poor.

MOFs with unsaturated metal sites (open metal sites) have
received much more attention than other MOFs due to their
intrinsic binding sites.43�45,52�54 These speci�c MOFs include
MIL-101/100,55 HKUST-1,56 and MOF-74 (CPO-27),43 and
so on. Murray et al. synthesized Cr-BTC with the same
structure of HKUST-1 (Cu-BTC), having an oxygen capacity
of up to 11 wt % (3.4 mol/g). The extremely high O2
adsorption on Cr-BTC was attributed to the redox activity of
the open Cr sites.45 Bloch et al. found that Fe-MOF-74 has a
high O2/N2 selectivity due to the electron transfer interactions.
Similar to Cr-BTC, the unsaturated Fe2+ metal center provides
strong binding sites for adsorption and separation.43,57,58
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MIL-100/101 have a higher water stability than HKUST-1
and MOF-74 and therefore hold a high potential for practical
applications. However, our understanding of the e�ects of
open Cr3+ sites on adsorption is still very limited. A recent
study reveals that the activation of MIL-100(Cr) at 523 K and
a high vacuum (less than 10�5 torr) can expose the Cr3+ sites
to achieve high N2/CH4 selectivity.59 Our own study also
reveals that MIL-100(Cr) activated at similar conditions has an
incremental adsorption of N2 and N2O because the Cr3+ sites
are exposed after removing the coordinated water molecules, in
which the binding energy of N2O on the open Cr3+ sites of
MIL-100(Cr) was up to 72.5 kJ/mol, and the N2O adsorption
capacity is similar to that of CO2.

60 These preliminary studies
have demonstrated very intriguing properties of open Cr3+ sites
in MIL-100(Cr).

In addition, the densi�cation of adsorbent materials by
forming pellets, extrudates, or beads is essential to improve the
mechanical and thermal properties of adsorbent materials and
lower the bed pressure drop for industrial pressure or
temperature swing adsorption processes.61,62 However, most
of the previous studies of MIL-100(Cr) are based on the �ne
powder form, and several publications reported MIL-100(Cr)
monoliths for hydrogen storage and water adsorption.63�66

Therefore, in this work, we studied the e�ects of activation
temperature on the adsorption behavior of MIL-100(Cr)
pellets, in which multicomponent CO2/CH4 and CO2/N2
kinetic separation performance was investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Synthesis of MIL-100(Cr) Crystals. MIL-100(Cr)

was synthesized in our laboratory according to the reported
procedure:67,68 A mixture of powdered Cr (0.104 g), H3BTC
(0.3 g), HF (40%, 0.2 mL), and H2O (9.6 mL) was added into
a Te�on-lined autoclave and heated from room temperature to
493 K in 12 h and kept at 493 K for 4 days. The synthesis is
presented in Table 1. After cooling to the ambient temperature
naturally, the green powder was collected by repeated
centrifugation and thorough washing by distilled water.

2.2. Preparation of MIL-100(Cr) Pellets. The synthe-
sized MIL-100(Cr) was su�ciently ground in a mortar to
obtain a �ne powder, and then the powder was added into a
tableting machine and extruded into a sheet under a pressure
of 4 MPa. It should be noted that the MOF powder added to
the tableting machine should not be excessive as it may cause
the strength of the pressed MOF sheet to decrease and lead to
serious particle pulverization in the later stage. The pressed
MOF sheet was suitably pulverized and then passed through a
40�60 mesh steel wire screen to obtain MOF particles having
a diameter of about 1 mm. Scheme 1 demonstrates the
preparation process of MOF pellets, while Figure 1 shows the
�nal MIL-100(Cr) pellets.

2.3. Sample Activation. The MIL-100(Cr) samples
including powder and pellet forms were activated under a
high vacuum (10�10 bar) at di�erent temperatures (373, 423,
473, 523, and 573 K) for 12 h on the degasser unit of ASAP
2460 and named MIL-100(Cr)100/150/200/250/300, respec-
tively.

2.4. Adsorption Isotherms. All adsorption isotherms of
single-component gas (CO2, CH4, N2) were obtained using a
Micromeritics ASAP 2460 instrument; the instrument’s
uncertainty is ±0.05%. The samples were outgassed at high
temperatures (from 373 to 573 K) and high vacuum (10�10

bar) for 12 h. The isotherms were collected at 298 K and up to
1 bar.

2.5. Calculation of Binding Energy. Cluster models for
MIL-100(Cr) were prepared from the di�raction experiments
and used as the initial models. The dangling bonds on these
fragmented clusters were terminated by methyl (CH3) groups
to maintain the correct hybridization.69 We calculated the
binding energy of CO2 with Cr-MOF using density functional
theory (DFT) in Dmol3.70 The gradient corrected approx-
imation treated using the Perdew�Burke�Ernzerhof ex-
change�correlation potential with long-range dispersion
correction via Grimme’s scheme was used in all our
calculations.71,72 A real-space orbital global cut o� of 3.7 Å
was applied and the convergence threshold parameters for the
optimization were 10�5 (energy), 2 × 10�3 (gradient), and 5 ×
10�3 (displacement).73 Double numeric polarization was used
as the basis set. The DFT semicore pseudopots,74 which were
developed speci�cally for DMol3 calculations, were used to set
the type of core treatment. The self-consistent �eld (SCF)
procedure was used with a convergence threshold of 10�6 au
on the energy and electron density. The direct inversion of the
iterative subspace technique developed by Pulay was used with
a subspace size 6 to speed up the SCF convergence in these
systems.75

2.6. Breakthrough Experiment of Mixed Gases. The
mixed-gas breakthrough experiments were carried out in a
�xed-bed separation device developed by our research group.76

The device was composed of displacement gas (He, 99.999%),
mixed gas at di�erent volume ratios (CO2/N2 20/80% and

Table 1. Synthesis Condition of MIL-100(Cr)

reactants name
chemical
formula

amount
(mmol)

elementary
chromium

Cr 2

trimesic acid
(H3BTC)

C9H6O6 1.5

hydro�uoric acid HF 4.5
deionized water H2O 533

reaction
temperature

493 K

reaction time 4 days

Scheme 1. Preparation of MOF Pellets Including Tableting, Extruding, Crushing, and Sieving Steps
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CO2/CH4 40/60%), mass �ow meter (5 mL/min), adsorption
column (inner diameter × length: 9 mm × 150 mm), pressure
change valve, pressure gauge, and gas chromatograph. The
adsorption column �lled with MIL-100(Cr) pellets was loaded
into the testing device. High-purity helium gas was then used
to purge the adsorption column until no other gases were
detected at the end of the adsorption column and the
puri�cation step was complete. Then the carrier gas was
stopped, and the testing gas valve was opened. The conditions
were controlled at normal pressure and the gas �ow rate was
set at 5 mL/min for 5�10 min. After the �ow rate was
stabilized, the gas was introduced into the adsorption column
and the outlet gas was collected and analyzed using gas
chromatography (Shimadzu UG2014C). From the analysis of
the content of the gas components obtained with time, the gas
permeation curve was obtained.

The gas uptake by the adsorbents, represented as Qt (mmol/
g), is determined by the following equation

�
=

[ � ]
�

Q
v c c t t

m

( ) d
t

i i0 ,0

The selectivity S is estimated by the following equation

=S
Q x
Q x

/
/i j
i i

j j
/

where v is the �ow rate of pure gas in mL/min, m is the mass of
the adsorbent sample in g, t is time taken for adsorption in
minutes, C0 and C are concentrations of gas at inlet and outlet,
respectively, in mmol/mL, and x is the gas volume fraction.

3. RESULTS AND DISCUSSION
3.1. E�ects of Activation Temperature on CO2 Uptake

of MIL-100(Cr). The adsorption isotherms of CO2 at 298 K
and 1 bar on MIL-100(Cr) powder samples activated at
di�erent temperatures are shown in Figure 2, and the data are
listed in Table 2, in which the adsorption capacity of CO2
signi�cantly increases with the activation temperature from
MIL-100(Cr)100 to MIL-100(Cr)300, up to 6.09 mmol/g,
showing a 250% increase. The powder X-ray di�raction (XRD)
patterns of MIL-100(Cr) samples are provided in Figure S1, in
which all activated samples show the sample peak positions.
However, the peak height of MIL-100(Cr)300 samples is a
little lower than that of other samples, indicating that 575 K for
12 h may damage the MOF crystallinity a little. The N2
isotherms at 77 K (Figure S2) also clearly show that samples

activated at a higher temperature have a higher surface area
than those activated at a lower temperature. Interestingly, the
enhancement of the adsorption capacity with increased
activation temperature was not even. As shown in Figure 2,
the increase from 373 K (MIL-100(Cr)100) to 432 K (MIL-
100(Cr)150) or from 523 K (MIL-100(Cr)250) to 575 K
(MIL-100(Cr)300) only enhances the update a little, while the
biggest improvement is between MIL-100(Cr)200 and MIL-

Figure 1. MIL-100(Cr) particles through a 40�60 mesh sieve present an average diameter of about 1 mm. These pellets were used for the
adsorption isotherm and breakthrough measurements.

Figure 2. Adsorption isotherms of CO2 at 298 K on MIL-100(Cr)
activated at 373�573 K.

Table 2. Adsorption Data of CO2 at 298 K on MIL-100(Cr)
Powder Sample Activated at 373�573 K

capacity (mmol/g)

pressure
(bar)

MIL-
100(Cr)

100

MIL-
100(Cr)

150

MIL-
100(Cr)

200

MIL-
100(Cr)

250

MIL-
100(Cr)

300

0.01009 0.07179 0.16577 0.68127 2.00167 2.10175
0.02626 0.16600 0.31549 1.02605 2.30302 2.41817
0.04954 0.27303 0.47261 1.29516 2.57200 2.70060
0.10082 0.45917 0.69511 1.62427 2.89463 3.03937
0.15063 0.60755 0.87177 1.85658 3.17289 3.33153
0.19904 0.73126 1.02150 2.04258 3.69678 3.88162
0.24916 0.84691 1.15644 2.20600 3.80105 4.00468
0.29938 0.95382 1.26952 2.34386 3.98829 4.17554
0.34998 1.05354 1.37891 2.47255 4.14511 4.34874
0.39958 1.14635 1.48789 2.59288 4.31974 4.53572
0.50136 1.31705 1.66850 2.80879 4.60231 4.83242
0.60069 1.47232 1.83570 3.01272 4.85786 5.10075
0.70106 1.61760 1.99138 3.19068 5.10083 5.35587
0.80041 1.75418 2.13854 3.36100 5.33439 5.60111
0.90041 1.88406 2.27981 3.52908 5.55902 5.83697
0.99075 1.99898 2.40174 3.67189 5.80235 6.09247
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